The Fiordland crested penguin Eudyptes pachyrhynchus is one of the least studied crested penguin species, with indications the species has a declining population, which would be in line with the historic and contemporary trends for most crested penguins. To determine the current population trend of the Fiordland crested penguin, a number of monitoring programmes using both abundance counts and demographic modelling approaches were carried out between 1990 and 2010 in the northern half of the species' range. A 2.6% ± 0.8% annual decline rate of active nests was detected at 14 monitoring plots, and the number of nests along two coastlines declined annually by 1.2% and 2.6%. Population matrix models using site-specific demographic rates for the species at two South Westland sites indicated contrasting population trends, with one site increasing by 1.6% annually and a second site decreasing at 0.3% annually. Due to concerns about the reproductive parameters used in the model, the trajectory indicated by the nest-chick data was deemed more robust and should be used to inform management. Six potential threats to Fiordland crested penguin were reviewed against the detected population trend and specifically adult survival, but it was determined that there is insufficient understanding about the species, particularly its foraging ecology and effects of fishing and terrestrial predation, to confidently identify the key threats. Therefore, the recommended management action is to address these knowledge gaps.
Introduction
Seabirds form an important part of both terrestrial and marine ecosystems, with their populations influenced by processes and conditions that occur in both environments. Many seabird species, including most penguins, have declining population trajectories and are at a high risk of extinction (Trathan et al. 2015) . Monitoring population size and demographic rates has an important role in identifying if a species is declining, which life history stages contribute the most to the population trajectory, what management activities may be most effective, and whether management actions are slowing or reversing declines. Detecting the trajectory of a penguin population can be challenging but, where monitoring programmes exist, it is usually a numerical count of birds and/or active nests or burrows in a colony or defined area (e.g. Pütz et al. 2003; Trathan et al. 2012; Hiscock & Chilvers 2014) . However, more recently, demographic models have been used to determine the population trajectory (e.g. Sutherland & Dann 2013) and/or to understand how detected numerical changes are biologically possible (e.g. Baylis et al. 2013b) .
The genus Eudyptes has seven species, with at least one species in each Southern Hemisphere ocean (Borboroglu & Boersma 2013 ). The extent of biological and ecological knowledge of the seven species varies widely. Numerical counts over the last 30 to 100 years appear to show a decline in most crested penguin species. Dramatic declines have been noted for the macaroni penguin (E. chrysolophus) at South Georgia (Trathan et al. 2012) , for the southern rockhopper penguin (E. chrysocome) at Campbell Island (Cunningham & Moors 1994) and at the Falkland Islands (Pütz et al. 2003) , and for the northern rockhopper penguin (E. moseleyi) at Gough Island (Cuthbert et al. 2009 ). However, population monitoring over the last 15-20 years has shown that the rate of decline for some species has slowed (e.g. the macaroni penguin at South Georgia, Trathan et al. 2012 ; and the erected-crested penguin E. sclateri on Antipodes Islands, Hiscock & Chilvers 2014) , stabilised or even increased (for the southern rockhopper penguin at the Falkland Islands and at Campbell Island; Baylis et al. 2013b; Morrison et al. 2015, respectively) . For some Eudyptes species, the population is currently increasing at one location but declining at another, for example the northern rockhopper penguin (Cuthbert et al. 2009; Robson et al. 2011) and the southern rockhopper penguin (Baylis et al. 2013b; Hiscock & Chilvers 2014) .
Despite the fact that New Zealand's Fiordland crested penguin has a breeding range that includes permanently inhabited temperate islands (including the South Island) and has the smallest population size of any Eudyptes species, the species current population trend is unknown (Mattern 2013 ). Yet it is assessed internationally (BirdLife International 2016) and nationally (Robertson et al. 2016 ) as being at high risk of extinction due to its sparse distribution and a small population that is considered to be declining. It is important to determine whether this assessment is correct and if the species is at risk of extinction, and to identify appropriate conservation management actions to halt and reverse any negative trend.
In this paper, we determine the population trend based on a monitoring programme, using both counting and demographic approaches, conducted over a 20-year period in the northern part of the species' range. Population modelling was used to identify the demographic features that contribute the most to the rate of population change. Several examinations of potential and actual threats to penguins have been undertaken (e.g. Trathan et al. 2015) , including specifically for crested penguins (BirdLife International 2010). We reviewed these threats for Fiordland crested penguin against the detected population trends and the life stage(s) that were identified to contribute most to the population trajectory in order to identify management actions.
Materials and methods
The monitoring programme included both counting and demographic approaches. The demographic data included adult and juvenile survival, age of first breeding and breeding success (Otley et al. 2017 ) and these data were used to develop Table 1 . Trend in Fiordland crested penguin nest counts at 14 nest-chick monitoring plots (in geographic order from north to south), one research site, two coastal re-surveys and two colony re-surveys, and three location level variables for the monitoring plots and research site (level of human disturbance, island/mainland and predator suite present). The annual rate of change for the 14 monitoring plots and one research site was calculated using a mixed-effects model. For the two coastal re-surveys and two colony re-surveys, the annual rate of change between the two data points is presented. 1990-1998, 2000-2004, 2007-2009 1990-1998, 2000-2004, 2007-2009 1990-1998, 2000-2004, 2007-2009 1990-1998, 2000-2004, 2007-2009 1990-1998, 2000-2004, 2007-2009 a transition matrix model of population growth. In addition, to give the broadest understanding of the trend of the species, we included two other available count datasets in this paper: 7 years of nest count data from Taumaka Island presented, but not fully analysed, by St Clair et al. (1999) , and unpublished counts conducted in the 2000s of two colonies first counted by McLean et al. (1997) in the 1990s (Long et al. 2009 ). In an attempt to produce a dataset with high precision, we decided that each monitoring site should have at least 20-30 nests. To achieve this goal, some monitoring sites were made up of up to three separate monitoring plots within the site. Two monitoring sites had one monitoring plot, three monitoring sites had two monitoring plots and three monitoring sites had three monitoring plots, and the plots varied in size from 0.1 ha to 2.6 ha ( Table 1) . The Murphy Beach A, Murphy Beach C and Jacksons Head monitoring plots were located in a colony that extended beyond the boundary of the monitoring plot, and the other monitoring plots encompassed an entire colony. When the monitoring commenced, three monitoring plots contained 20-30 nests, four monitoring plots had 10-20 nests and two monitoring plots had fewer than 10 nests (Fig. 2) .
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Location
Region
Counting approach
During mid-August (typically 1 to 2 weeks after most eggs had been laid at the monitoring sites), the number of nests in each monitoring plot was counted. Fiordland crested penguins readily move off nests if disturbed, so to avoid abandonment of eggs and brooded chicks, we counted any bird sitting tight in the incubation position as an active nest. Around the second week of November (around 1 week before chicks began departing the colony), the number of fledglings within each monitoring plot was also counted. (Table 1 ). Counts were completed by a team of two or three people. For the South Westland monitoring, the monitoring team consisted of at least one experienced person who had completed the counts on 2 prior years except during the final 3 years, and there was at least one experienced person in the Fiordland monitoring team annually after the first year of monitoring in each study period, but no surveyors completed monitoring in both study periods.
At all monitoring plots, the field team searched the entire plot area, with team members spaced across the width of the plot but within sight to ensure that no birds were double counted or missed, and no areas in the plot were missed. A single count was undertaken. As Fiordland crested penguins are prone to moving away from their nests if approached too closely, surveyors moved slowly and quietly. Some nests were in relatively open locations, but most nesting birds were obscured from view in some way because they were under thick vegetation, tree roots or in rock crevices or in caves. Caves and other dark cavities were searched using a torch.
The nest count data on Taumaka Island (part of the Open Bay Islands) presented by St Clair et al. (1999) (the 'active nests' data presented by St Clair et al. 1999 in Fig. 1 ) was also included in the nest monitoring dataset analysed. Cassidy et al. (1999) had 46 marked nests and the activity status of each nest (i.e. whether active or unused) was determined during the egg laying period annually between 1988 and 1995. The site is referred to as a 'research site', as these nests and birds attempting to breed on them were closely studied for 8 years by St Clair et al. (1999) .
Coastline re-surveys
Two areas in South Westland that are much larger than the monitoring plots (i.e. stretches of coastline with multiple colonies, having a total of 50-200 nests; Fig. 1 ) were surveyed in the 1990s by McLean et al. (1997) . These were re-counted using the same method in 2003 or 2005. One coastline monitoring site was between Heretaniwha Point and Bruce Bay at the very northern extent of the species' range, and the other site was the west side of Jackson Head (whereas the nestchick monitoring site was located on the east side of Jackson Head). The coastline re-surveys were conducted by a team of two to four surveyors walking along the coastline searching for penguins and/or sign, with likely wet areas and areas of kiekie (Freycinetia banksii) checked inland to a distance of 20-50 m, and, when penguins were located, a count of birds and nests made (McLean et al. 1997) .
Colony re-surveys
Two other colonies at Gorge River at the southern end of South Westland ( 
Data analysis methods
The nest-chick monitoring data were modelled, while for the other monitoring data only the annual rate of change between the two data points was calculated. As the nest-chick monitoring data has a hierarchical structure (monitoring plots within monitoring sites, with counts through time at each), these data were analysed using hierarchical models with the mixed-effects model package lme4 (version 1.1-14) in R (version 2.15) (R Development Core Team 2014; Bates et al. 2015) . These models provide estimates of parameters such as time trends for a population if the sample units are a random selection of such units within the population. The monitoring sites and plots in the nest-chick dataset were not selected on a random basis, but chosen purposively on the basis of where substantial numbers of Fiordland crested penguin were accessible. Therefore, the estimates provide a summary of trends based on the particular areas chosen (or for a larger population that they might be a random selection from). The estimates can be regarded as outputs from a meta-analysis, with the monitoring sites and plots treated as separate studies (Borenstein et al. 2009 ).
The nest model used a random intercept, a fixed effect for time trend and Poisson regression (reflecting that the response variable is a count). Fledging success was modelled in a similar way, but with an offset for the number of nests counted in the monitoring plot to allow for the use of a Poisson model. This effectively models the number of fledglings in proportion to the number of nests in the plot. Three location level variables associated with the nest-chick monitoring sites were included in the models as fixed effects: island/mainland, predator suite present, and level of disturbance from people (researchers and visitors). The predator suites at the monitoring plots were no predators, the native weka only, and all mammalian predators and no weka (all mainland). Thus, the island and predator variables were closely associated, with the distinction that the predator variable split islands between those with no predators or those with weka only. Taumaka Island was assigned a high level of disturbance because of the daily presence of researchers during the breeding season at the monitoring site and the fact that adult birds were captured as part of the research programme. Monro Beach and Jackson Head monitoring sites were assigned a moderate level of disturbance because of the demographic study carried out at both sites (Otley et al. 2017 ) and the presence of visitors on the coastlines below the colonies. The other monitoring sites were all assigned a low level of disturbance.
The effects of the three location level variables were assessed using Akaike's information criterion (AIC) values. We evaluated models for levels and time trend in the nest counts and fledgling rate, with or without each of the location-level variables, including possibly interactions for each with the trend ranking the models by their corrected Akaike's Information Criterion (AICc) score. Model-averaging for parameters of interest was applied to models within three units of the delta AICc of the top-ranked model.
Demographic modelling approach
As adult male and female Fiordland crested penguin survival rates are not significantly different (Otley et al. 2017 ), a single-sex deterministic Leslie matrix was employed to model the population growth rate, using the PopTools add-in (Hood 2010) for Microsoft Excel (Microsoft Corporation). The Leslie matrix requires survival rates of the species in the different age classes, reproductive rates (i.e. total young/total potential breeders) and age at first breeding (Caswell 2001) . The age at which most Fiordland crested penguins first breed is considered to be 5 years (Otley et al. 2017) .
A mark-recapture study at Monro Beach and Jackson Head conducted between 1994 and 2010 estimated both true and apparent annual adult survival of Fiordland crested penguin at 0.89 ± 0.1 and annual survival of young birds until their first return at 0.77 ± 0.02, which was at a mean age of 3 years, and with no discernible annual differences or differences between the two sites (Otley et al. 2017 ; Table 2 ). The annual rate of juvenile survival is likely to be lower than 0.77 during the first year and higher in subsequent years, but as we could not estimate these rates, we have used 0.77 for ages one to three. The breeding frequency of the Fiordland crested penguin is not known, and so the mean breeding success rate (fledglings per pair) was used in the model. Separate matrix models were run for the two markrecapture sites because they had different mean fledgling success, which was 0.66 ± 0.08 fledglings per pair at Monro Beach and 0.53 ± 0.04 fledglings per pair at Jackson Head (Otley et al. 2017 ; Table 2 ). A third model (general model) was also run using the mean fledgling success of all the 14 nest-chick monitoring sites (0.61 fledglings per pair; Otley et al. 2017) . Elasticity analysis in PopTools was used to identify the relative contribution of the demographic parameters to the population growth rate (Caswell 2001) .
Trend over three generations
The population trend was calculated over a period of three generations, as this is the standard assessment for identifying threat ranking (three generations or 10 years, whatever is longer (Townsend et al. 2008 ). We classified a population as showing a decreasing trend if the rate of annual change was less than −1% per year and an increasing trend if it was greater than 1%, and otherwise the trend was classified as stable. Mean values are described with the standard error of the mean (SEM), unless otherwise indicated.
Results
Trend in active nests
Modelling of the nest counts for the 14 monitoring plots and one research site during the period 1988 to 2009 estimated a −2.63% ± 0.81% rate of annual decline in the number of nests (−1.0% to −4.2%, 95% confidence interval; CI). The estimated declining trend is based on the top four models, which demonstrate strong support for a time trend. There was limited evidence for inclusion of the location level covariates (i.e. predators, mainland/island and disturbance) and no support for differences in trend for these covariates (Table 3) . Of the 14 monitoring plots, nine plots had a declining trend in number of active nests, at between −2.8% and −5.6% annually, and five plots had a stable trend. All the sites showed gradual change over time rather than sudden or stepwise changes (with the exception the first two data points at Martins Bay 2) (Fig. 2) . The two coastline surveys where there were c. 50 nests and <150 nests showed annual rates of decline of −1.2% and −2.6%, respectively, between the first count in the 1990s and the second count, 11-12 years later (Table 1) . Of the two colony re-surveys (both at Gorge River with 20-25 nests each) where there were two counts 14 years apart, one colony had a 6.7% annual rate of increase and the other colony had no change (Table 1) .
Fledging success
Models of fledging success showed strong support for the inclusion of island or predator level covariates, but there was limited support for time trends (Table 4 ). There was no evidence to support the inclusion of human disturbance in the model. Model averages for three models including a simple time trend estimated a declining rate in fledging success of −1% per annum (95% CI decline of −2.4% to an increase of 0.5%). Fledging success based on the top ranked model was estimated at 0.55 fledglings per pair (95% CI 0.48-0.64 fledglings per pair) on the mainland, and much higher at 0.79 fledglings per pair on islands (95% CI 0.64-0.97 fledglings per pair).
Demographic modelling approach
The general matrix model using a mean fledgling success of all nest-chick monitoring plots (0.61 fledglings per pair) produced a population growth rate of 1.01 (Table 2 ). Elasticity analysis showed that the adult survival component proportionally contributed 0.624 compared to the breeding productivity and survival rates for the first 3 years components which were both 0.075.
The matrix model for Jackson Head where the mean fledgling success was 0.53 fledglings per pair produced a population growth rate of 0.997, i.e. an annual rate of −0.3% compared to annual trend of −3.5% in the number of nests (Tables 1 & 2) . With a mean fledgling success of 0.66 fledglings per pair at Monro Beach, the population growth rate of this matrix model was 1.016, being an annual rate of increase of 1.6% compared to a nest occupancy trend of −3.6% annually. As the rates of change detected by the demographic modelling approach were larger than reported for the nest counting method, a matrix model for each site was also run using the lower rates of all three demographic parameters (being the mean minus the SEM) ( Table 2 ). These models produced an annual rate of −2.2% per year at Jackson Head and of −0.9% per year at Monro Beach.
Trend over three generations
The Monro Beach and Jackson Head matrix models using mean demographic parameters estimated generation times of 12.6 and 13.2 years. The population declines based on the nest count data at Monro Beach and Jackson Head were −64% and −66% over three generations, respectively ( Table 2 ). The demographic modelling approach, in contrast, produced an increase of 61% over three generations at Monro Beach and a decline of −11% at Jackson Head, based on the model using mean values of the three parameters. Using the lower values of the demographic parameters, the population trend over three generations was a decline of −28% at Monro Beach and a decline of −59% at Jackson Head (Table 2) .
Discussion
Population trajectory
In this study, the two methods produced contrasting population trajectories, with the nest counts indicating a declining trend of −2.7% per year and a model using the means of the demographic parameters indicating an increasing trend of 1.0% per year. However, additional modelling using the lower estimates of the demographic parameters and the specific fledgling success rates detected at the two sites indicated declining trends of −0.9% per year and −2.2% per year. There are two possible explanations: the demographic modelling shows that the trend determined by the nest counts is influenced by the counting method and/or that the demographic rates used are for some reason incorrect and biased upwards, particularly the adult survival rate (because it has the most influence over the population growth rate).
We address the former possibility first. The counting population trend detection method involved only counting once, which will almost always yield an underestimate of the true number of nests and provides no means of expressing uncertainty (Hegg et al. 2012 ). However, provided there are not systematic biases in the single nest counts over time, a single count will provide adequate trend estimates, and if there are multiple monitoring sites (as in this study), the uncertainty can be reflected in the error estimate of the modelled rate of change. We could not identify any obvious biases in our dataset. One potential bias could have been associated with the changing composition of the monitoring team used over the 20-year study, but in each year at least one member of the team had previous experience of the method at the plots. There is also the concern that the method of annual counting disturbs the birds that nest within the monitoring plot and they move to a nest site outside of the plot area. However, the coastline monitoring method (two counts 11-12 years apart) also detected a decline and the level of disturbance was not a strong factor in the nest count model.
A number of potential issues were also identified with the demographic trend detection approach used. First, the mean fledgling success was used rather than the number of young produced per potential breeders because for Fiordland crested penguin it was not known how many breeders choose to breed in any one year. It has often been assumed that penguins of breeding age attempt to breed every year (Croxall 1984) . However, this may not always be the case because a number of penguin species show large population changes over short temporal scales, and these events are not reflected in any longterm trends, indicating that birds are alive but not at colonies every year (e.g. northern rockhopper penguin, Cuthbert et al. 2009 ; southern rockhopper penguin, Crawford et al. 2008; Baylis et al. 2013b ; Snares crested penguin, Hiscock & Chilvers 2016; macaroni penguin, Trathan et al. 2012 ; gentoo penguin Pygoscelis papua, Baylis et al. 2013a) . The Fiordland crested penguin may also not attempt to breed every year because many monitoring sites showing considerable variation between years in the number of nests detected. In addition, St Clair et al. (1999) reported that annually 19% of Fiordland crested penguins known to be alive were not sighted and Otley et al. (2017) suggested that permanent emigration or temporary migration may account for 22% of the variability in the species survival estimate. The issue of the species potentially not breeding annually is also relevant to the coastline and colony re-survey datasets, which compared only two data points.
The rates of adult and juvenile survival used in the demographic model were similar to those estimated for other crested penguin species (Dehnhard et al. 2013; Horswill et al. 2014; Morrison et al. 2015 ) and therefore we assume that they are not inherently biologically high. Although the transition matrix model was most sensitive to adult survival, a 13% difference in mean fledgling success between Monro Beach and Jackson Head resulted in one site having a positive trajectory and one having a negative trajectory. Therefore, the use of fledglings produced per breeding pair rather than the number of fledglings divided by the potential breeders (which would likely be a lower rate, as explained above) may actually be crucial to interpreting the model result.
Due to our concerns about the reproductive parameters used in the model, we conclude that the trajectory indicated by the nest-chick data is more robust and should be used to inform management. Our view supports the most recent assessment of New Zealand threat status for Fiordland crested penguins of Nationally Vulnerable, due to the estimated of population of 5000+ individuals and a population declining at between −31% and −70% (Robertson et al. 2016; H. Robertson pers. comm.) . That the species could have a declining population is not surprising given that most species of crested penguin are declining due to being at high risk from a number of anthropogenic threat factors, particularly habitat degradation and fisheries bycatch (Trathan et al. 2015) . Six putative causes of decline have been identified for northern and southern rockhopper penguins (BirdLife International 2010) and these could equally apply to Fiordland crested penguin.
Threat 1 -Isolated mortality incidents caused by pandemic disease and toxic algal poisoning As the trend of the Fiordland crested penguin is not a clear gradual decline, it is possible that pandemic disease or poisoning from an event such as harmful algal bloom may have played a role in the decline, as it has for the southern rockhopper penguin in the Falkland Islands (Baylis et al. 2013b ). There is no documented instance of toxic algal poisoning of penguins in New Zealand (Trathan et al. 2015) . The literature on infectious diseases and poisoning of New Zealand's penguins is patchy, for both endemic and exotic diseases (Duignan 2001) . For example, there have been periodic outbreaks of diseases in yellow-eyed penguins (Megadyptes antipodes), both in adults and chicks, and these have likely caused significant effects at the regional level (Seddon et al. 2013) . However, it is often unclear whether the detected disease was the key factor, or whether the prevalence of disease was due to poor adult foraging success or paucity of nutritious prey items (King et al. 2012) . For Fiordland crested penguins, high levels of adult or chick mortality have not been observed when penguin researchers have been working in colonies nor have they been reported by members of the public. However, few visits have been made to colonies during the moult period, when some disease and/or starvation events that cause death in high numbers of penguins occur (e.g. Keymer et al. 2001; Cooper et al. 2009 ). While pandemic disease and poisoning appears unlikely to have a major effect on the population trend of the Fiordland crested penguin, it remains as a potential threat and more information should be gathered where possible.
Threat 2 -Inter-specific competition and predation by marine mammals Top-down changes in food web structure, leading to increased inter-specific competition between penguins and other higher vertebrates (especially pinnipeds) have been suggested as a possible agent of decline of penguin populations (Trathan et al. 2012 ), but were identified not to be case for macroni penguins at South Georgia, despite the rapidly increasing population of Antarctic fur seals (Arctocephalus gazella) (Horswill et al. 2016) . In New Zealand, the Fiordland crested penguin coexists with the New Zealand fur seal (A. forsteri). However, at least in South Westland, the New Zealand fur seal also has a declining population trend (Roberts & Neale 2016 ) and therefore it is suggested that prey competition between the two species is unlikely to be a cause of the declining trend detected for Fiordland crested penguin.
Increasing secondary predation on penguins by increasing pinniped populations contributes to the decline of some penguin populations (Ryan & Kerr 2012; Schwarz et al. 2013; Horswill et al. 2016; Morrison et al. 2017) . However, this is unlikely to be the case for Fiordland crested penguin in this study because New Zealand fur seals have never been observed purposively hunting Fiordland crested penguin in the waters adjacent to breeding colonies or in breeding areas (Warham 1974 ; DOC staff pers. obs.).
Threat 3 -Environmental variability and climate change
Changes in ocean conditions that cause decreased primary productivity or bottom-up driven food web shifts that reduce availability of favoured prey have been implicated in the decline in a number of seabird species (Lewison et al. 2012) . Crested penguin populations in New Zealand's sub-Antarctic region have declined significantly in the past century and rising ocean temperatures and subsequent changes in marine productivity are suspected to be the key factor (Cunningham & Moors 1994; Hilton et al. 2006; Hiscock & Chilvers 2014; Morrison et al. 2015) . For the Fiordland crested penguin, there is no historical population information and the trend detected in this study covers only a 20-year period, therefore it is not possible to investigate how the species has been affected by rising ocean temperatures. However, Mattern et al. (2009) postulates that Snares penguin and Fiordland crested penguin may be less susceptible to this long-term change because they forage in the warm subtropical waters that have much higher primary production than the waters in the sub-Antarctic zone where the other crested penguin species forage.
Penguin species are also affected by the periodic and short-term marine and terrestrial climatic changes associated with the El Niño southern oscillation (Dehnhard et al. 2013; Boersma & Rebstock 2014; Morrison et al. 2015) . This study recorded rates of Fiordland crested penguin occupancy and fledging success at monitoring sites to vary inter-annually over the 20-year period, indicating a likelihood that they were affected by the El Niño and La Nina events that occurred during this period. The effect of such fluctuations requires further investigation.
Threat 4 -Fisheries interactions: competition for marine prey and bycatch
There is limited knowledge of the foraging ecology of the Fiordland crested penguin. The diet during the breeding season at one site in both Fiordland and South Westland was made up predominantly of cephalopods (85%), compared to 85% fish on Codfish Island (van Heezik 1989 (van Heezik , 1990 . However, Mattern et al. (2009) pointed out that the importance of cephalopods may have been over-estimated due to the methodological analysis used by van Heezik (1989) . A preference for arrow squid (Nototodarus sloanii) indicates foraging over the continental shelf, which in South Westland is up to 10 km from the coast. Mattern (2013) reports on observations of the species on the northern coast of Stewart Island foraging within 2 km of the coast and within the fiord systems of the Fiordland region. Outside of the breeding season, reported sightings indicate that birds disperse around New Zealand's North and South Islands, south to the sub-Antarctic zone, and also to southeastern Australia (Taylor 2000) . Given the limited dietary information and large area potentially used in the breeding and non-breeding seasons, it is difficult to assess the likelihood of Fiordland crested penguins having to compete with commercial fisheries, and even with more information direct evidence may be difficult to acquire (Trathan et al. 2015) .
In terms of the threat of being accidently by-caught by a fishing vessel, penguins are generally at higher risk of significant interactions with net setting fisheries compared to trawl, long-lining or jig fisheries (Žydelisa et al. 2013 ). There is a ban on recreational and commercial set net fisheries to four nautical miles offshore along a small portion of the Fiordland crested penguin's breeding range (including all the South Westland breeding area and along the South Island's south coast), but set netting is still permitted in most areas of Fiordland and around the Stewart Island archipelago. During the non-breeding season, Fiordland crested penguins may also interact with various fisheries, particularly set net fisheries in other regions around New Zealand and potentially in southeast Australia. New Zealand has a programme of scientific observers on the commercial fishing fleets but there is very low coverage of the net setting fishing fleets in the south-western and southern sectors of New Zealand waters (Ramm 2012) . However, the species has been assessed as having a low risk of fisheries-related mortality (Richard & Abraham 2015) . The foraging areas and diet of the species needs to be more fully understood, as well as observer coverage improved, before the potential threats associated with commercial fisheries can be more adequately assessed.
Threat 5 -Presence of people
Penguins are often disturbed when scientists are present in breeding colonies to make observations and to capture adults and chicks, and also when visitors are within or close to nesting areas and on beaches where birds come ashore, but it remains unclear whether the disturbance effects have colony-level population consequences (Seddon & Ellenberg 2008) . For the Fiordland crested penguin, the majority of breeding colonies and moulting areas are well away from inhabited areas, roads, and popular tramping and deer hunting areas. Monro Beach is the only terrestrial site where Fiordland crested penguin viewing is advertised by the Department of Conservation, and visitors are asked to stay on the beach and not to enter the forest where the species breeds. In this study, monitoring sites with different levels of people disturbance (scientist and visitor presence) do not have different trends. It is considered that human presence is unlikely to be a population-wide factor affecting the trajectory of the species.
Road traffic is also recognised as contributing factor to the decline of penguin populations in New Zealand, particularly populations of little penguin on the West Coast on the South Island (Heber et al. 2008) . There are two sites in South Westland where road kills of Fiordland crested penguins have been reported and both sections of road have signs warning drivers to the potential presence of penguins. However, few Fiordland crested penguin colonies and moulting areas are near roads and this factor may be only a colony-level casual factor.
Threat 6 -Terrestrial predation
Terrestrial predation is recognised as a critical threat for a number of Eudyptes species, for example northern and southern giant petrels (Macronectes halli and M. giganteus, respectively) predating on macaroni penguins (Horswill et al. 2016 ) and brown skuas (Catharacta antarctica lonnbergi) predating on southern rockhopper penguins (Morrison et al. 2017) . Across its range, the Fiordland crested penguin encounters a multitude of introduced and native animals that prey on eggs, chicks and adults. There are ten known predator-free islands with Fiordland crested penguins, holding approximately a total of 450 nests (or 20%) of the known population (McLean et al. 1997) . Sixty percent of the population breeds on Stewart Island and on the mainland South Island, which have rats, mice (Mus musculus), cats, dogs and possums (Trichosurus vulpecula), and there are also stoats on mainland South Island. Another 20% of the total population is estimated to breed on islands free of mammalian predators except for the native weka.
Weka are found on various islands and on the mainland of the South Island where Fiordland crested penguins breed (Department of Conservation 1999). The level of egg, chick and adult mortality caused by weka is unclear. On Taumaka Island, where there is a higher weka population than found on the mainland, weka were responsible for 38% of total egg mortality and 20% of total chick mortality, although some of the predation by weka may have been facilitated by the parent birds temporarily abandoning their nests due to scientist presence (St Clair & St Clair 1992) .
The rates of egg, chick and adult Fiordland crested penguin predation by introduced pests has not been assessed, but inferences can be made using reported and suspected rates for other penguin species in New Zealand. Stoats and other mustelid species are able to successfully prey on chicks and adults of most bird species in New Zealand that are generally less than 800-1200 g (McLennan et al. 2004) , although a stoat has been observed attempting to kill an adult Fiordland crested penguin (Morrison 1980) . Fiordland crested penguin chicks reach the safe body mass at the stage when they are left unattended by a parent and therefore, in theory, they should be relatively safe from stoat predation. Little penguins (King et al. 2012 ) and yellow-eyed penguins (Heber et al. 2008 ) are predated at low rates by feral cats , but in South Westland and Fiordland feral cats are considered relatively uncommon due to the high rainfall levels (King 1990) . Uncontrolled dogs can also cause high levels of penguin mortality (for example of little penguins, Hocken 2000 Hocken , 2005 Heber et al. 2008; Lane 2017) . For Fiordland crested penguins, it is suspected that pet dogs could be present permanently or infrequently at one-fifth to one-third of all mainland colonies, primarily in the most northerly (i.e. South Westland) part of their range. Dog predation may have an effect at the colony-level only and potentially at the regional-level in South Westland.
If predation were a substantive factor in the decline of the Fiordland crested penguin, monitoring plots with predators would be declining more rapidly than plots with fewer predator species. However, our study found little evidence that the suite of predators present at monitoring sites influences the trend of nest occupancy and breeding success, although the analysis may have suffered with the lack of replicates for some predator suites (e.g. predator-free sites). A similar result was also found for little penguin colonies on the West Coast, where there was no significant differences in breeding success between colonies with or without mustelid control during the breeding season , even though another study on the West Coast found that 6% of all eggs laid and up to 11% of all chicks were taken by predators (Heber et al. 2008) . The same has also been detected for mustelid trapping around yellow-eyed penguins; the management activity was not correlated with penguin population growth rate (Busch & Cullen 2008) .
Further monitoring using a more precise method and more replicates of predator suite may reveal differences in population trajectories for Fiordland crested penguin colonies living with different predator suites, but there is currently insufficient evidence to demonstrate a key relationship between population trend and predators. However, there seems little reason to suppose that at least part of the explanation for the population trajectory of the Fiordland crested penguin is different to that of the many other birds in New Zealand that are declining in the presence of introduced predators (e.g. Department of Conservation 1999; Elliott et al. 2010; Hegg et al. 2013) . Indeed, controlling predators may be one of the few management activities that could be undertaken to address and/or prevent decline in Fiordland crested penguins.
Conclusions
The Fiordland crested penguin appears to be in decline, but there is insufficient understanding of the species, particularly its foraging ecology and some potential threats (e.g. fisheries interactions, terrestrial predation and climate variability) to confidently identify the management actions that would halt population decline and/or lead to population growth. These knowledge gaps are identified in the Department of Conservation's Fiordland crested penguin recovery strategy (Department of Conservation 2012). Partnerships and collaborations have been established and investigations commenced on the foraging ecology of the species (see www. tawaki-project.org) and the role of terrestrial predation (see www.bluepenguin.org.nz/fiordland-crested-penguin).
Monitoring should continue, and we recommend nest counts because it is less intrusive and takes less time and effort than a demographic modelling approach. The single nest count method produced an adequate level of error of the mean rate of change for the purposes of detecting whether the trend was positive, negative or stable (i.e. a trend of −2.63% per year had a CI of −1.0% to −4.2% per year). However, if monitoring was required to assess whether management actions were affecting positive change, then a method with a narrower confidence interval such as a double count method (see Ellenberg et al. 2015) should be used.
